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A B S T R A C T

Metastasis is the leading cause of mortality among cancer patients. Dissemination enabled by an epithelial-to-
mesenchymal transition (EMT) of carcinoma cells has long been considered to be the predominant mechanism
for carcinoma metastasis, based on overexpression studies of many EMT-inducing transcription factors.
Individual CTCs – and a binary framework of EMT – have been long considered to be sufficient and necessary
condition for metastasis. However, recent studies have shown that collective migration and invasion through
tumor buds and clusters of Circulating Tumor Cells (CTCs) as possibly being the prevalent mode of metastasis,
although individual CTCs may still contribute to metastasis. These strands and clusters have been proposed to
often exhibit a hybrid epithelial/mesenchymal (E/M) phenotype where cells retain epithelial traits of cell-cell
adhesion and simultaneously gain mesenchymal characteristics of migration and invasion. To highlight the
crucial questions regarding metastasis, we define EMT in a non-binary and context-specific manner, suggest that
it can be viewed as a trans-differentiation process, and illustrate the implications of hybrid E/M phenotype(s)
and cluster-based dissemination in metastasis.

1. Introduction

Despite major advances in diagnosis and treatment of cancer, me-
tastasis and development of resistance to chemo and targeted therapies
continue to be challenging and in the end cause over 90% of all cancer-
related deaths [1]. Genetic transformations can, undoubtedly, con-
tribute to these challenges by enabling various hallmarks of cancer. In
addition, however, surviving in and leveraging an ever-changing micro-
environment to their advantage requires cancer cells to be highly
phenotypically plastic. Epithelial-Mesenchymal Transition (EMT) and
the reverse Mesenchymal-Epithelial Transition (MET) are canonical
examples of cellular plasticity implicated in metastasis and therapy
resistance.

EMT and MET were initially identified as keystones of embryonic
development; they were shown to give rise to mesoderm and neural
crest cells, regulate gastrulation, and mediate formation of multiple
organs [2]. This concept was then laterally transferred to study carci-
noma metastasis, where EMT was proposed to launch individual cancer
cells into the blood circulation, a subset of which would successfully
reach distant sites, regain their epithelial traits viaMET, and colonize to
establish macrometastases [3–6]. This binary framework served as a
powerful concept for a long time, virtually defining EMT as a necessary
and sufficient condition for metastasis.

Recent investigations in embryonic development, tissue repair, and
pathological contexts such as fibrosis and cancer metastasis have ar-
gued that EMT need not be ‘all-or-none’ processes, rather cells can
transiently acquire partial plasticity and attain hybrid epithelial/me-
senchymal (E/M) phenotype(s). Collective cell migration during
branching mammary morphogenesis and wound healing have wit-
nessed hallmarks of such partial plasticity [7]. Similarly, metastasis can
also be achieved via collective cell migration [8,9] by cells that retain at
least partially their epithelial traits such as cell-cell adhesion. Con-
sistently, a recent in vivo study showing spontaneous EMT highlighted
that cells could exist stably in distinct hybrid E/M phenotype(s) and
these hybrid phenotypes were more metastatic as compared to those in
an extreme mesenchymal state (i.e. the other end of the binary frame-
work) [10]. Thus, in this review, we examine EMT in a more nuanced
way.

2. Defining EMT mechanistically

EMT is a multi-dimensional complex cellular program involving
changes in one or more of these traits – cell polarity, cell-cell adhesion,
motility, and invasion – and changes in levels and/or localization of
canonical markers such as E-cadherin [11]. In the simplest terms, EMT
can be viewed as a process where epithelial traits are lost concomitantly
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with gain of mesenchymal traits. During this process, cells may take
different paths in this multi-dimensional landscape and encounter one
or more distinct intermediate phenotype(s). This trait has been ob-
served in Circulating Tumor Cells (CTCs) in breast and prostate cancer
patients [12,13], where both individually migrating CTCs and clusters
of CTCs can co-express various epithelial and mesenchymal markers to
different degrees [13–16]. Single-cell co-expression of these markers
has also been reported in multiple cell lines belonging to lung cancer,
prostate cancer, colorectal cancer, ovarian cancer [17–21], and in pri-
mary tumors, mouse models, and metastases [22].

In fact, many cells may not undergo a complete EMT and stably
attain these intermediate or hybrid E/M phenotype(s) (Fig. 1A) [22].
Stable existence and/or maintenance of hybrid E/M phenotype(s) was
proposed initially through computational modelling of EMT regulatory
networks [23–26], and validated later in vitro in multiple contexts [24].
Recently, the existence of distinct stable hybrid E/M phenotype(s) was
demonstrated in vivo [10]. These distinct hybrid E/M phenotype(s) –
each with characteristic transcriptional signatures – may be visualized
as different ‘valleys’ in a multi-dimensional landscape that cells can stay
in for varying amounts of time. Moreover, cells may follow a different
trajectory in this high-dimensional landscape while undergoing MET, as
compared to while undergoing EMT. Thus, EMT and MET need not be
symmetric processes [23] (Fig. 1B).

EMT can be induced by a variety of biochemical and mechanical
signals that can impinge on a set of ‘EMT-transcription factors’ (EMT-
TFs) – SNAI1/2, ZEB1/2, FOXC2, PRRX1, GSC, TWIST1/2 – that or-
chestrate the above mentioned molecular and biophysical changes.
Similarly, overexpression of MET-TFs such as GRHL2, ELF3, and ELF5
can drive MET [27]. However, a comprehensive mapping relating
various molecular and biophysical aspects of EMT with these EMT-TFs
remains far from complete. This mapping is highly likely to be many-to-
many; for example, TWIST upregulation may enhance invasion but not
always migration [28], and ectopic expression of SNAI1 increases in-
vasion and migration, but does not always induce N-cadherin expres-
sion [29]. Further, quantitative differences among the induction of
EMT/MET by different EMT/MET-TFs can arise from variations in ge-
netic background, epigenetic state and/or micro-environment (e.g. how
poised a cell is to undergo EMT/MET), strength of regulation (e.g. how
strongly can an EMT/MET-TF bind to regulatory regions of its targets),
and crosstalk among these different dimensions of EMT (e.g. how
changes in cell-cell adhesion affects cell invasion) (Fig. 1C, top). For
example, overexpression of GRHL2 was sufficient to drive MET in
carcinoma cells such as MDA-MB-231, but not in sarcoma cells such as
RD and 143B, largely due to differences in chromatin structure [30].
Moreover, the withdrawal of an EMT-TF/EMT-inducing signal may not

always restore the exact same cell state prior to its overexpression/
treatment [31], for example, cells may undergo only a partial MET [32]
(Fig. 1C, bottom). All these aspects depend on the relevant biological
context, thus calling for a context-specific mechanistic definition of
EMT and MET. This appreciation will also help us rigorously identify
the number and relative stability of hybrid E/M state(s) and their im-
plications in tumor progression.

3. Role of EMT and EMT-TFs in mediating metastasis

Exogenous overexpression of many EMT-TFs was shown to enhance
migration and/or invasion of cancer cells in vitro [33,34], and enhance
metastasis in vivo [35,36]. This overexpression may trigger one or more
metastasis-promoting modes: individual migration, collective migration
leading to formation of clusters of Circulating Tumor Cells (CTCs), co-
operation among E and M tumor cells, and may even fix some cells in a
mesenchymal state. Of course, direct genetic manipulation is not es-
sential. Cells in MMTV-PyMT mice migrate individually or as streams
following each other's paths, without any experimental induction of
EMT [37]. MMTV-PyMT is a transgenic mouse model to study breast
cancer metastasis, where the long terminal repeat (LTR) of mouse
mammary tumor virus (MMTV) drives the expression of polyoma virus
middle T-antigen (PyMT). Most MMTV-PyMT mice show multifocal
tumors in mammary glands and lung metastases [38]. CTCs in this
mouse model have both E-cadHI and E-cadLO subpopulations, and E-
cadLO cells display typical molecular changes associated with EMT. It
therefore seems reasonable to conclude that some aspects of EMT ac-
tivation were potentially playing a role in their metastatic cascade [37].

EMT may be sufficient for migration and invasion, but is it neces-
sary? It is important to note that breast cancer cells in tumor organoids
can invade collectively without displaying a significant (defined as
greater than two-fold change) upregulation of canonical EMT markers
[39]; it appears to mean that motility can occur in cells that remain
molecularly epithelial. This observation is often put together with re-
cent lineage tracing results that showed that knocking down or out of
an EMT-TF need not significantly alter metastatic load in those mouse
models [40,41]. Put together, these indicate that metastasis may be
achieved without an overt activation of EMT-TFs. However, these
lineage tracing experiments typically focus on only one EMT-TF and it
seems too simplistic to assume that knocking out or down of one EMT-
TF prevents all cells in the tumor from undergoing any molecular or
morphological changes related to EMT [42,43].

In this regard, cells undergoing EMT often acquire other traits that
could contribute to colonization, such as stemness (tumor-initiation
potential). EMT was shown to enhance stemness initially in breast

Fig. 1. Epithelial-mesenchymal plasticity as plotted
on a reduced 2-dimensional landscape. A) Cells may
undergo varying levels of changes in their epithelial
and/or mesenchymal traits, thus giving rise to var-
ious subpopulations (shown by different colors),
each of which manifests a different flavor of partial
EMT. B) Cells undergoing MET may (black arrows)
or may not (brown arrows) follow the same trajec-
tory as cells undergoing EMT do. C) (top) EMT in-
duction by the same induction signal/EMT-TF may
drive cells to different extents of EMT, depending on
factors such as epigenetic status of the cell. Also,
different EMT-TFs may have distinct effects.
(bottom) Withdrawing the induction/EMT-TF signal
may not always lead the cells back to their initial
condition.
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cancer [44]; accumulating evidence later gathered in other carcinomas
as well [45]. Recent studies that consider EMT as a non-binary process
revealed hybrid E/M cells to be more stem-like or metastatic as com-
pared to epithelial or mesenchymal ones both in vitro and in vivo
[10,46–50]. These observations reinforce the notion that cells that get
locked into a mesenchymal state may lose their ability to initiate a
tumor; consequently, inhibition of a full-blown EMT may be required
for colonization [50–52]. Consequently, ‘stemness’ need not be a cell-
intrinsic property, but a dynamic trait that the cells can acquire or lose,
based on their microenvironment [53–55]. As a result, cells in varying
EMT phenotypes can display ‘stemness’ (for instance, mesenchymal-like
CD44+/CD24- and hybrid E/M ALDH+), and potentially interconvert
too [56–58]. These subsets of CSCs expressed varying levels of different
EMT-TFs [56], and were observed at different spatial coordinates -
ALDH+ CSCs in the tumor interior, whereas CD44+/CD24- at the
invasive front [57]. Thus, the essential criteria for aggressive behaviour
need not be a particular phenotype, but rather enhanced cellular plas-
ticity, as is observed for hybrid E/M cells [46,59], but may be allowed
by other pieces of the cell's phenotypic machinery.

An open question that remains is whether cells need to undergo full
MET to germinate secondary tumors. Lineage -tracing in vivo studies
using transcriptional (measuring E-cadherin and Vimentin) and post-
transcriptional (measuring alternative splice isoforms of FGFR2) mar-
kers of MET have provided evidence for both MET-dependent and MET-
independent metastases [60]. Similar to the case with EMT [61], mo-
lecular MET and morphological MET may not always happen simulta-
neously. Thus, we believe that a continued and careful investigation of
the roles of EMT/MET and EMT/MET-TFs in establishing functional
traits are needed to understand their role in metastasis.

4. EMT as an engine of cellular plasticity and its association with
other cellular traits

It would be nice if all existent data fit into this picture, but there are
other factors obfuscate the contribution of EMT and/or EMT-TFs to
metastasis – pleiotropic and/or non-cell autonomous effects of EMT-
TFs.

First, there are non-cell autonomous roles of EMT-TFs that may
accelerate metastasis. For instance, ZEB1 or SNAI1 can activate IL-6 and
IL-8 transcriptionally [62,63]; these pro-inflammatory cytokines can
also induce EMT and other associated traits such as stemness in nearby
cells [64], thus indicating how EMT-TFs can exhibit non-cell-autono-
mous effects and alter the tumor microenvironment (TME) to be more
aggressive. Dynamics of TME can, in turn, also allow passive shedding
of cancer cells into the circulation instead of postulated active migra-
tion and invasion by cells undergoing EMT [11].

Other non-cell autonomous effects of EMT have been reported re-
cently. For instance, ZEB1 can regulate levels of members of the lysyl
oxidase (LOX) family of enzymes such as LOXL2 that can crosslink and
stabilize collagen deposition, thus increasing matrix stiffness [65].
Stiffer matrices can, in turn, promote EMT through the TWIST1-G3BP2
mechano-transduction pathway [66]. Similarly, ZEB1 can activate
hyaluronic acid synthase 2 (HAS2) that can produce increased levels of
hyaluronan/hyaluronic acid (HA), which can, in turn, promote EMT by
interacting with its receptor CD44 [67,68]. Furthermore, HMLER cells
overexpressing Twist or Snail (HMLER-Twist/HMLER-Snail) cells, when
co-cultured with control HMLER cells, can impart metastatic traits to
the latter through paracrine Hedgehog (Hh) signalling [69]. Such au-
tocrine and/or paracrine feedback loops among tumor cells can ag-
gravate malignant progression in multiple ways, and is reminiscent of
reported cooperation among epithelial (E) and mesenchymal (M) cells
in vivo – while M cells can degrade the surrounding matrix leading to
invasion and intravasation, E cells can colonize distant organs [70].

These studies compel us to revisit the conclusions drawn from
lineage-tracing studies claiming the dispensability of EMT for metas-
tasis. A lack of fate-mapped cells in circulation and at the metastatic site

led the authors to argue that EMT was not required for metastasis
[40,41]. However, these studies do not rule out the possibility that M
cells may have enabled the E cells to reach the metastatic site by trig-
gering such non-cell autonomous aspects. These conclusions, thus,
largely overlook any emergent effects of cooperation among different
subpopulations. Evidence for such cooperation has been mounting -
recent in vitro experiments using heterogeneous cell line HMLER (that
contain E and M subpopulations) demonstrate that a mixture of E and M
cells form many more mammospheres as compared to either sub-
population alone [71]. This cooperation may even contribute to the
enhanced metastatic potential of polyclonal clusters of CTCs as com-
pared to the individually migrating CTCs.

Second, many EMT-TFs have pleiotropic roles beyond regulating
migration and/or invasion that may contribute to metastasis. For ex-
ample, ZEB1 drives resistance against cisplatin in ovarian carcinoma,
activates DNA damage response to promote resistance against radiation
in breast cancer, and associates with resistance to erlotinib in non-small
cell lung cancer (NSCLC) [62]. miR-200/ZEB axis can also lead to
CD8+ T-cell immune-suppression by mediating the levels of PD-L1
[62] and immunoproteasome that facilitate antigen presentation for
CD8+ T-cell response [72]. Similar roles have been observed for other
EMT-TFs such as FOXC2 [73]. Importantly, the resistance against
multiple therapies that is driven by EMT-TFs need not be channelled
through their induction of EMT, for instance, EMT itself may not be
causing resistance against radiation, but ZEB1 plays a causal role
thereby stabilizing CHK1 – a critical effector kinase in DNA damage
response [74].

The abovementioned pleiotropic roles of EMT-TFs may enable dif-
ferent hues of cellular plasticity. For instance, plasticity in switching
between different metabolic modes – glycolysis and oxidative phos-
phorylation – strongly depends on the levels of ZEB1 in pancreatic
cancer and in high-grade serous ovarian cancer (HGSOC) [75,76]. Si-
milarly, the activation of glucose transporter GLUT3 by ZEB1 can be
independent of its role as an EMT-TF [77]. Furthermore, the transition
from a non-CSC to CSC state is based on a bivalent chromatin status of
the ZEB1 promoter that contains both activating (H3K4me3) and re-
pressive (H3K27me3) marks, but not explicitly on its ability to repress
epithelial genes and/or promote mesenchymal ones during EMT [62].
Finally, ZEB1 can also induce vasculogenic mimicry – a novel vascular
pattern formed by cancer cells – in vitro and in vivo [78]. Thus, it may be
more apt to call EMT-TFs such as ZEB1 (and the networks formed by
their interactions) as ‘motors of cellular plasticity’ [79] driving disease
progression, instead of referring to EMT as an ‘engine of cellular plas-
ticity’.

5. Hybrid E/M phenotype: the ‘fittest’ phenotype for metastasis?

Promising experimental and clinical results emphasize the im-
plications of hybrid E/M phenotype(s) in fostering carcinoma metas-
tasis [22]. First, hybrid E/M phenotype(s) perhaps exhibit maximum
plasticity and can traverse the spectrum of phenotypes along the EMT
axis – as indicated by both computational and experimental analyses
[22,59] – while ‘fully’ epithelial and mesenchymal phenotypes may be
locked in by various factors including epigenetics. When E, M and hy-
brid E/M subpopulations of PKV cell line (established from CPKV
prostate cancer mouse model) were segregated and cultured separately
in vitro for two weeks, approximately 80% E and M cells retained their
phenotype, but only 10% hybrid E/M were able to do so; the remaining
90% convert to E or M [59]. This relatively high plasticity of a hybrid
E/M phenotype to switch to either E or M state may abet different steps
of the metastatic cascade. While E cells may be limited in their ability to
intravasate by themselves, and M cells may require exogenous signals to
activate MET and cell proliferation to colonize, hybrid E/M cells
moving collectively may not face such heightened rate-limiting steps
during metastasis (Fig. 2) – an extremely inefficient process with re-
markably high attrition rates [80].
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Second, hybrid E/M phenotype(s) exhibit enhanced stemness/
tumor-initiating traits in vitro and in vivo [10,46,81]; consistently, co-
expression of E and M markers correlate with poor clinical outcome
across breast cancer subtypes [46], and in other cancers [22,82]. En-
hanced plasticity of hybrid E/M phenotype(s) to convert to E and M
cells – that may then cooperate – can be expected to underlie its am-
plified tumor-initiation ability [71]. Thus, EMT may be viewed as a
trans-differentiation process where E and M cells interconvert by pas-
sing through an intermediate ‘stem-like’ state. This conceptual frame-
work can help explain the observed multi-lineage differentiation po-
tential of cells undergoing EMT [83]. Third, hybrid E/M phenotype(s)
can be more anoikis-resistant [84], potentially facilitating survival of
CTCs in a hybrid E/M phenotype, as observed in aggressive breast and
prostate cancer cases [12]. Fourth, hybrid E/M cells can be equally, if
not more, therapy-resistant than cells undergoing a complete EMT - a
hybrid E/M phenotype can also exhibit resistance against erlotinib in
NSCLC [85], against paclitaxel, salinomycin, and paclitaxel in squa-
mous cell carcinoma [86], and against HDAC inhibitors in breast cancer
[14]. Furthermore, chemotherapeutic drugs and HDAC inhibitors can
drive adaptive resistance by inducing and/or selecting for a hybrid E/M
phenotype [14,47]. A detailed comparison of IC50 values for various
drugs for a hybrid E/M vs. mesenchymal population would quantita-
tively map the relationship between EMT and drug resistance, and help
patient classification for treatment strategies. Sixth, while cells under-
going a complete EMT may induce cell cycle arrest [87,88], partially
mesenchymal cells may maintain their proliferative potential [89],
hence executing a ‘go-and-grow’ instead of a ‘go-or-grow’ program.

Finally, cell-cell communication and spatial proximity among hy-
brid E/M cells can drive the formation of clusters of CTCs [14] – the
chief ‘villains’ of the metastatic cascade [8,9]. For instance, computa-
tional models predicted the role of Notch-JAG1 signalling in forming
the clusters of CTCs [90], and JAG1 was indeed observed to be among
top differentially expressed genes in cluster-based dissemination [9].

CTC clusters, i.e. groups of two or more aggregated CTCs, possess
several survival advantages. First, cell-cell cooperation among tumor
cells may provide pro-survival signals through junctional adhesions
[14]; deleting plakoglobin – a key component of adherens junctions –
reduces cluster formation and metastases in mice [8]. Second, cell
heterogeneity (epithelial vs. mesenchymal) can offer competitive ad-
vantage during colonization [71], as it can allow for metastasis of dif-
ferent subsets of Cancer Stem Cells (CSCs) [56,57]. Third, heterotypic
clusters containing immune or stromal cells may help in evading im-
munosurveillance both in circulation and at the metastatic site(s) [91].
Moreover, stromal cells and cancer cells can indulge in metabolic
symbiosis [92], thus fuelling tumor growth. Fourth, clustered cells may
survive mechanical stresses and resist anoikis more efficiently, and

navigate more effectively in response to any chemical gradients
[93,94]. Finally, clusters can be passively shed and get trapped in blood
vessels, thus obviating the need for a full-blown EMT to complete the
metastatic cascade [11]. The abovementioned advantages yield insights
into mechanisms associating shorter progression-free survival and
overall survival with CTC clusters [91]. Intriguingly, the prognostic
significance of clusters of CTCs were reported even before EMT was
identified as a developmental biology phenomenon [22].

6. Areas for future investigation

Many open questions remain in precisely identifying the cellular
and molecular traits of hybrid E/M phenotype(s) and clusters of CTCs
that ascribe to them their enhanced metastatic potential. The number
and relative stability of hybrid E/M phenotype(s) need to be described
rigorously, and more importantly, their metastatic implications should
be unambiguously investigated. Extreme care should be practised be-
fore labelling any or every individual cell co-expressing a few epithelial
and mesenchymal markers as a hybrid E/M phenotype, or, more cru-
cially, calling any heterogeneous carcinoma cell population as a man-
ifestation of ‘partial EMT’ so as to prevent the emergence of a dogma
that establishes ‘partial EMT’ as a necessary and sufficient condition for
metastasis. Further, the bidirectional feedback between molecular
(gene expression) and morphological (cellular biophysics) aspects of
EMT [61] requires a quantitative meticulous characterization through
using integrated computational-experimental approaches [21,95,96].
Such efforts can elucidate the context-dependent mapping between
molecular states of EMT and corresponding biophysical traits such as
invasion and migration.

The interplay among multiple facets of cellular plasticity such as
EMT, stemness, and altered metabolism is in the process of being dec-
iphered. The differences in metabolism and stemness of individual CTCs
vs. clusters of CTCs, and other molecular aspects governing drug re-
sistance should be understood better to dissect the role of stromal and
immune cells in metastasis. Similarly, microfluidic-based and compu-
tational simulation of clustered migration coupled with real-time in vivo
microscopy capturing different stages of the metastasis-invasion cas-
cade are capable of unravelling these unresolved open biological
questions and eventually guide clinical studies for stratification and
personalization of therapeutic decisions [91].

Next, molecular mechanisms driving heightened metastatic poten-
tial of CTC clusters need further investigation. CTC clusters can not only
provide survival signals to one another, but also may contain cells with
dynamically varying EMT phenotypes that can cooperate in forming
metastasis. Cell lines that grow as clusters in suspension can be used as
surrogate for identifying the diagnostic, prognostic, and clinical

Fig. 2. Metastatic potential of E, M, hybrid E/M phenotypes. Hybrid E/M cells seem to represent the ‘fittest’ phenotype for successful metastasis, as they do not tend
to face the limiting steps (represented by dotted lines) that E and M cells may typically encounter.
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relevance of CTC clusters [15]. Similarly, in vitro and in vivo assays of
stemness, metastasis, and drug resistance using a co-culture of E, M, and
hybrid E/M cells in varying ratios can answer crucial questions about
cooperation and competition among these subpopulations in executing
various steps of cancer metastasis and tumor relapse. These questions
help visualize the metastasis-initiating cells as dynamic adaptive enti-
ties. Because no unique specific mutational signature has yet been
identified for metastasis, despite extensive efforts [54], investigating
the design principles of metastasis from the lens of non-genetic het-
erogeneity [96,97] may be valuable. With increasing use of single-cell
RNA-seq [98,99], we should investigate what is worse from a clinical
standpoint: a) more or less cells undergoing EMT overall, b) more cells
in a hybrid E/M phenotype, or more heterogeneity in the extents to
which cells undergo EMT? (Fig. 3).
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